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Introduction
There has been considerable work to characterize the stress corrosion cracking of austenitic materiaIs in nuclear plant service. Intergranular SCC ofaustenitic stainless steel alone has cost over a billion dollars in research, repair and mitigation (1) . In systems where Ni-Cr-Fe alloys are used, the higher Cr content Alloy 490 has largely replaced Alloy 600 as the material of choice in SCC-prone applications (2-4). The fundamental reason why Cr has a beneficial effect on pure, high temperature water SCC resistance is not well understood.
There is not a universally accepted SCC mechanism for Ni alloys in high temperature water. There are two classes into which most mechanistic descriptions fall: anodic dissolution (5-7) and hydrogen assisted cracking (8-1 0) . The two processes are closely linked and experimental separation is difficult, e.g., conditions, which decrease crack tip corrosion rate also, reduce the hydrogen generation rate. Sub-processes that are influenced by Cr content, such as creep rate, corrosion rate and oxide film mechanical properties, are common to both anodic dissolution and hydrogen assisted cracking mechanisms.
The Ford-Andresen description (7,l I -12) has been used to describe SCC of stainless steel in 3 WR environments. The concept is that s-mcturaI damage of the oxide fihi at the crack tip results in rapid local corrosion of the underlying metal. This corrosion repairs the oxide, slowing down the corrosion rate until the film is again damaged. Qualitative descriptions of this model refer to slip emergence at the crack tip as the damage mechanism. Quantitatively, where, Eqn (1) V,,,-average crack tip extension rate 2 -number of electrons F -Faraday's constant io, lo. -from repassivation profile E / -oxide rupture strain Q, -crack tip strain rate M -atomic weight p = metal density
In practical application, the individual material properties such as creep rate and oxide rupture strain have not been determined explicitly. SCC growth rates in stainless steel are predicted through empirical correlations between the stress state and the crack tip strain rate and with values taken horn a repassivation current decay curve. Subsequent work by other researchers has shown the same analytical approach is consistent with the SCC behavior of Alloy 600 (13, 14) . ' The three key material properties associated with the anodic dissolution mechanism are aIso important for any hydrogen-assisted mechanism, i.e. creep, oxide rupture strain and corrosion kinetics. Of the three, more data are available on creep for the Ni-Cr-Fe aIloy system. This work provides data on the form&on kinetics of Ni-Cr-Fe corrosion films as a function of Cr content. In addition, oxide film characterization is presented to understand how Cr content influences corrosion kinetics in high temperature water. This data. when combined with the available information on creep and oxide mechanical properties ( I 51, provides insight on how Cr content influences SCC.
Experimental
Nickel base ailoys with Cr contents of 5, 16,23, 30 and 39% (weight) were machined into, test specimens and exposed to high temperature water to form oxide films appropriate for measuring corrosion kinetics and for microcharacterization.
Materials
The materials used in this study were from commercially available and laboratory fabricated alloys. Five laboratory-fabricated alloys were tested so that only Cr and Ni concentrations were varied. The remaining minor alloy element concentrations were held constant and representative of Alloy 600 components produced for nuclear plant service (1 6, 1 7).
Since commercial ailoys have siightly different target carbon levels, a laboratory version of Alloy 640 was made with a carbon level characteristic of commercial Alloy 600. Samples from commercially produced heats of Alloy 600 and Alloy 690 were taken from 7.6 cm diameter bars fabricated by Teledyne Allvac and International Nickel-Huntington Alloys. Information on the chemical composition and other properties of these materials is presented in Table 1 .
Ingots were fabricated using a double vacuum arc melting process. After a I -hour homogenization, the ingots were reduced to a nominal thicluiess of 1 cm by hot rolling on a two roll, 20 crn diameter rolling mill. Homogenization temperatures, tabulated below, were selected to produce materials that were as metallurgically equivalent as possible. in ternis of second phase particle distribution. Metallography was used to confirm that the processing resulted in a final product with a uniform, intragranular distribution of carbide particles. Samples were sectioned, leaving the oxide surface intact and thinning from the cut metal side only. Samples for AEM were then thinned by mechanical grinding on Sic paper to a thickness of about 75 microns. mechanical dimpling using 3 micron diamond paste and electropolishing with 20% perchloric acid in methanol. The thinned samples were evaluated in a Phillips EM420 analytical electron microscope. Selected area electron diffraction and convergent beam diffraction were performed to assist in phase identification. X-ray spectroscopy was used to determine the elemental distributions within the oxides. An Alloy 600 specimen exposed for a
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Results
Corrosion Kinetics
The visual appearance of the films was markedly different as a result of thickness variations, with no film evident visually at 288' C on the aIloy with 5% Cr. In addition, the films were not completely tenacious as the film thickness increased. For example, firm rubbing with a cotton cloth was suMicient to remove the outermost film. iron and nickel rich and were identified using electron diffraction as nickel ferrite grains having a spinel structure.
A film formed an the 39% Cr alloy, after exposure to 360" C watkr for 64 days, is shown in Figure 6 . Again, a grain size variation throughout the oxide layer thickness is observed. Key observations from the AEM work are:
1. The fiIrn forming initially on all aIIoys upon exposure to high purity high temperature water-is nickel rich oxide.
2. As exposure time increases, the amount of chromium in the oxide film increases. This is manifested as both higher Cr Ievels within the cubic NiO structure and in the form of spinel or hexagonal phases commonly associated with chrome-rich oxides.
3. The gradual incorporation of chromium within the film takes place in a heterogeneous manner across the film.
4.
The oxides have a microstructure that is finest at the metal oxide interface and becomes coarser toward the oxide-environment interface, with a corresponding change in chemistry. The AEM work shows a finer grain structure, richer in Cr, at the metal-oxide interface than at points approaching the oxide-environment interface. The oxide structure is shown schematically in Figure 1 1. Gaseous oxidation of Alloy 600 was studied over the 100-700" C range, and similar but more Iimited work was reported in (22) . Key observations from this work include the fobllowing: 2. At temperatures of 280" C and below, which is similar to the exposure temperatures in the current investigation, Ni oxide grows and becomes dominant, due to the slower diffusion of Cr in the oxide, even though 0 1 0 3 is more stable thermodynamically.
5.
3. Even at temperatures as-low as 100-280" C, the individual metal oxides of Ni, Fe and
Cr have at teast partially reacted locally to form nickel chromites and ferrites.
4.
A layered structure, with the more Cr-rich phase (either chrornia or one of the ternary oxides) close to rhe meta1 oxide interface, is observed above 280" C. The work herein indicates that the dupkx structure discussed in Refs. 21-23 may be more accurately described as film with a grain size variation that changes rapidly throughout the oxide layer thickness.
5.
At 500-700" C, chromium diffusion is sufficiently rapid that Cr-rich phases dominate.
.. The maturation process implied in this paper was also described for the Ni-Cr system based on observations from gaseous oxidation (29) . There, a film structure consisting of NiO at the oxideenvironment interface and mixtures of NiO, NiCrZ04 and 0 2 0 3 closer to the metal-environment interface was obserLJed. A three step mechanism was described. Rapid local oxidation of Cr to form CrlO3 occurs first. This is followed by the growth of NiO past and surrounding the chromia zone. Finally, two oxides react to form nickel chromite. 
The higher Cr bearing spinels and hexagonal oxides wil1 inherentIy reduce the rate of cation transport necessary for their growth.
Key observations from the kinetics data in this study are:
1. Corrosion kinetics are well described by the parabolic equation.
2.
Oxide films are not completely tenacious. Some weight loss is seen for most samples between 64-120 days of exposure in these environments. For materials with 16% Cr or more k, decreases with increasing Cr content above 335" C.
The 5% Cr alloy does not fit this trend, and is in fact harder to characterize gravimetrically. At 360" C this alloy showed a graduaI weight loss after initial exposure, indicating that the film is not tenacious. However, the observation that k, first increases and then decreases with Cr content in nickel alloys is consistent with previous work associated with high temperature gaseous oxidation. Giggins and Petit report on work in which k, increases with chromium content in the binary Ni-Cr system between 0 and 3% Cr, but decreases again at IO% Cr (28) . This can be explained by the competing effects associated with increasing Cr content. Increasing cation vacancy concentration tends to increase diffusion while increasing the amount of Cr-rich oxide phases at the metal oxide interface tends to slow diffusion.
The corrosion kinetics work presented here can be used to provide insight into the effect of Base metal creep occurs above the yield stress, so some additional creep resistance can be expected for higher Cr alloys on the basis of increased yield strength. At a given ratio of applied stress to yield strength, the amount of creep strain accumulated in a given time is about 83% greater for the 16% alloy than for the 30% alloy. ._ _.
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Conchs ions
Corrosion kinetics of the alloy system were characterized gravimetrically, by exposing samples of the alloys to pure 288-360" C water. 
